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-I'IWESTIGATION OF COMBUSTION IN 16-INCH RAM
JET UNDER SIMULATED CONDITIONS OF HIGH
ALTITUDE AND HIGH MACH NUMBER

By T. J. Nussdorfer, D. C. Sederstrom
and E. Perchonok

SMMARY

A connected-pipe investigation of & 16-inch ram jet was con-
ducted in the Lewls altitude wind tunnel under controlled condi-
tions of combustion-chamber-inlet pressure and temperature, fuel
flow, and nozzle-outlet area. Three flame holders (the serrated
annuler baffle, the rake, and the corrugated gutter) provided
satisfactory performence.

The performence of all three flame holders was conslderably
influenced by the redilal position of the fuel injector and the
engine-outlet area. Gasoline proved a superlor fuel to kerosene
for both annuler end rake burners. With the corrugated gutter
burner, the data Indicated that a blend by volume of S5O-percent
gasollne and S50-peroent propylene oxide might be slightly supe-
rior to gascline.

The maximum fuel-alr ratio operating range (0.030 to above
0.098) was obtained with the rake burner using a eplit-injection
fuel system. A maximum combustlon efficlency of 85 percent was
obtained wlth thie burner. The corresponding total-temperature
ratio T was 5.8; the fuel-air ratio, 0.055; and the combustion-
chamber-inlet velocity, 177 feet per secomd. Maximum T +values
near 6.0 were obtalned with both annular and reke burners.

At low combustion-chamber pressure better performance was

. obtalned with the corrugated gubter burner than with elther of

the other burnmers. With gasoline as fuel, a peak cambustlon
efficiency of 79 percent at a fuel-alr equlivalence ratlo of 0.76
and a combustion-chamber-inlet veloclty of 211 feet per second was
obtained at & combustion-chambsr-inlet static pressure of 800 pounds
per square foot absolute. For a given configuration, only slight
changes in the total-pressure ratlo across the combustlon chamber
woere obtalned over the emntire operating range.



2 : o ST NACA RM E50D04

IRTRODUCTION

Usual investigatione of full-scale ram Jets divorce the super-
sonic diffuser from the engine by commecting the subsonic inlet
directly to the air supply end, as such, are primarily burmer
tests. A pressure recovery is assumed for a supersonic diffuser
and the engine performance is computed accordingly. From a small-
scale ram-Jet investigatlion in a supersonic wind tumnel (refer-
ence l), however, the pressure recovery across the supersonic daif-
fuser was found to be influenced by burner design and combustion-
chamber performance. As a result of poor burning, oscillating
inlet shooks that greatly reduce the diffuser pressure recovery
may occur. Similar oscillating shocks have been encountered dur-
ing a cold-flow diffuser investigation (referemce 2). Pulsing of
the exhaust of an expenfiable free-flight 16-inch ram Jet has also
been recently reported (reference 3)., Although the pulsing
exhiblted in flight was bellieved to be caused by rough and unstable
combustion, evaluation of the phencmenon was difficult because of
limited instrumentation on the flight wehicle.

In order to provide information on the stabllity of combustion
and its effeote on the supersonic diffusion of a full-scale 1l6-inch
ram-jot englne, comnected-pipe and free-jet studies were made in the
altitude wind tunnel at the NACA lewls laboratory. The englne was
first run connected dlrectly to the air supply without a supersonic
inlet to determine the limitations of various burner configurations.
Results of the connected~plpe study presented hersin summarize the
performance of several burner conflgurations and fuels at high altli-
tudes and Mach numbers simulated to correspond to those expected
in the free=-Jet study. With the exceptlion of scme burmer performence
at very low combustion-chamber static pressures, all burner perfor-
mance reported was obtalned at ram pressure ra'b{oe greater than that
required for a Mach number- of 1 at the exhaust-nozzle outlet. Com=-
bustion efficlency and .gas total-temperature ratlo are presented as &
funotion of fuel-air ratio for three nozzle areas and a range of
combustlon-chember static pressures. The effect of changes in the
gas total-temperature ratlio on the total-pressure ratlo across the
cambustion chember is also presented.

APPARATUS

The ram Jet wes supported above & wing spanning the wind-
tunnel test section and attached to the tunnel balance frame
(fig. 1). Atmospheric air, which was dried and then heated, wes

drawvn into the engine through a make-up air duct by raising the
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test-section altitude. A valve in this duct provided means for
setting the engine statlic pressure at any value between atmos-
pheric pressure and the tunnel ambient pressure. With no throt-
tling of the inlet alr, pressure ratios equivalent to free-gtream
Mach numbers scmevhat 1n excess of 1.7 could be obtained. The
ram jet exhsusted directly into the timmel test seotion. A 14~
inch-diameter slip jJoint separated the engine from the rem pipe
and made possible the use of the tunnel scales for thrust
measurements. )

Ram Jet. - The ram jet (fig. 2) used in this investigation .
oonsists of a subsonic annular diffuser, a water-cooled ocombustion
chembexr 16 inches in dlemetetr, and a water-cooled nozzle with an
area thet could be varied by a movable plug mounted within the
cambustion chember. (The movable plug is desoribed in reference 4.)
The diffuser was fabricated of 1/8-inch-thiock steel, whereas the
cambustion chamber, the tall plug, and the nozzle were mede of
i6-gage Inconel.

The over-all length of the engine from the inlet of the sub-
sonlo portion of the diffuser to the nozzle outlet is 175 inches,
of which the combustion chamber and the nozzle comprise 90 inches.
Coordinates for the center body and the ram-jet shell are given
in table I. A transition plece was employed to reduce the glip-
Joint dlameter freom 14 to 9.92 inohes at the subsonic-diffuser
inlet., The diffuser center body proJected 8 inches into the tran-
sition plece and the downstream end terminated at the combustion-
chember inlet with & pilot burner. The nose of the center body
consisted of a 46° splke desligned with an axial travel of 2 inches
for subsequent free-jet studiea. The splke was retained in the
fully retracted position for this investigation. Variation of
the flow area through the diffuser i1s given in figure 3. Irreg-
nlarities in the curve are caused by center-body supporting struts
wvhose maximum thicknesses never exceed 17 percent of the chord
length. Three equally spaced struts were used at both front and
rear suppert points.

Pllot system. - A vortex pilot patterned after the system des-
oribed in reference 5 was housed in the downstream end of the center
body (figs. 2 and 4). The pilot combustion chamber consisted of a
truncated cone 10.3 inches long that changed in diameter from

7% Inches at the upstream end to 6 inches at the exit. Propylene
oxide 1ln amounts not exceeding 5 percent of the total fuel flow was
burned in the pllot. A single fusl nozzle rated at 21.5 gallons

Per hour at a pressure differential of 100 pounds per square inch
was used. Alr was scooped from the main alr supply at two of the
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three main center-body supports and ducted into the pilot through
elbows, which imparted a vortex motion to the alr. The fuel was
lenited with a commercilal Jet-engline spark plug.

Fuel-injection sysfem. - The fuel injector was located 17 inches
upstream of the flame holder. A remotely controlled mechanism
housed within the center hody mede posslble the radial adjustment
of the fuel injector during operation. arious types of fuel bar
could be attached to four arms spaced 90~ apart. These arms had
e 2-inch radial adjustment in an annular passage 4 inches wide.

Fuel was fed from a central manifold through flexible lines to the
injJector. The detalils of the system are shown in figure 4.

Two basic fuel-injection patterns were investigated. One
pattern oonsisted of four arc segments making up a msnifold to
vhich four modified commercial spray .nozzles wers attached (fig. 5).
The nozzles, rated at 21 gallons per hour at a differential pres-
sure of 100 pounds per square inch, were modified by reducing the
external oross-sectional area without affecting the spray pattern
(fig. 6). The fuel was sprayed upstream at an injection redius
that could be varied from 5.22 to 7.22 inches. The other pattern
(fig. 7) consisted of four arc segments of 1/4-inch-diameter tubing,
vwhich had been flattened to reduce the blocking area. Twenty-five
0.028~-1nch-dlameter orifices were drilled in each segment. Every
third orifice sprayed radlally inward and the others were directed
upstream. In this case the fuel-injection radius could be varied
from 5.38 to 7.38 inches. Special auxiliary inJjectors that were
elso uwsed are described in the discussion of results.

Fuels. - The stolchlometric mixture ratios and the lower heating

values of the fuels used in this investigation are as follows:
I Fuel Stoichiometric |Lower heating value
fuel-air ratio (Btu/1b)
Gasoline, AN-F-48b, grade 80 0.067 19,000
Rerosene, AN-F-32a .068 18,500
S50-percent gesoline and 50-
porcent propylene oxide .081 ; 16,060

Flame holders. - All flame holders were mounted with the center
rim around the pllot chamber exit. The serrated annular baffle and
reke fleme holders were made of 1/8-inch mild steel, whereas the cor-
rugated gutter fleme holder was made of l6-gage Inconel.

1287
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The serrated annular baffle flame holder (fig. 8) consisted
essentially of an annular baffle set at 35° to the air stream with
inner and outer dlameters of 9.6 and 14.4 inches, respectively.

Triengular serrations 2%- inches deep were cut into the onter side.

Nine l-inch sweptback radiel gutbers comnected the baffle to the
center support rim. Frovision was made for injecting fuel within
the flame holder through nine commercial spray nozzles located
opposite the radial connecting gutters. This flame holder head a
projected blocking area of 55 percent of the amnular combustion-
chamber-inlet area.

The rake-type flame holder (fig. 9) was patterned after a
flame holder described in reference 8. Each of the six reke clus-
ters was attached to the supporting rim by a 90° radial gutter,

21- inches wide. Fuel was Injected within each cluster through

commerclal spray nozzles. The blocking area of this flame holder
was 41 percent of the amnular combustion-chember-inlet area.

The corrugated gutter flame holder (fig. 10) oconsisted of a
series of corrugated gutters having a chord of 2 inches, a spacing
of 1 1noh between corrugations, and an angular gutter variation
fram 35° to 53° included angle. Smaller uncorrugated connecting
gutters were welded between the corrugated sections. This fleme
holder had a blocking area of 54 percent of the amnular cambustion-
chamber-inlet area.

The effect of varlation in combustion-chamber-inlet Mach num-
ber on the cold total-pressure-drop coefficlent for all thyee fl=me
holders is ghown in figure 1l. Included in this coefficient are
Preagsure losses In the combustion chamber and the nozzle, which
are negligible in comperison with the flame-holder loss. Simple
theory indicates that at a given Mach number the total-pressure-
drop coefficient should increasse with flame-holder blocking area
(reference 7). The apparent inconsistency in the pressure-drop
coefficlents for the serrated annular baffle and corrugated gutter
fleme holdera is explained by the fact that all the blocking of
the annular flams holder does not ccour in & single plane normal
to the air flow and that the contraotion coefficient is not the
game for all flame holders.

Nozzle. = A hydraulically operated, movable, water-cooled plug
was mounted in the last 6 feet of the combustion chamber. In the
fully retracted position, the tip of the plug extended to the nozzle

outlet. The plug, which has a maximum diameter of B%-S' inches, was

Mﬁ‘w
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provided with an axial travel of 11.75 inches. The plug position
was remotely controlled and could be ohenged while the englne was
operating. The nozzle ls a 9-inch trunoated cone, tapering from
the 16-inch cambustion-chamber dlameter to a 13.75-Inch outlet
dlameter. At all plug posltions, the minimum plane area ocourred
at the nozzle outlet. The variation of nozzle-outlet area with
plug position in figure 12 shows that a variation in outlet area

of 51 to 74 percent of the combustion-chamber area is possible.

The ratio of the nozzle-outlet area to the l6§-inch-diameter
combustion-chamber erea 1s héreinafter called the outlet-area ratio.

PROCEDURE

The engine wes llberally instrumented with total- and stetic-
pressure tubes and thermocouples. Pressures were read from photo~
graphs of mancmster boards and temperastures were manually recorded
from a self-balancing potentlomster. The alr flow through the engine
vas calculated from pressure-rake dats obtained at stations x and
¥y (fig. 2). The oombustion-chamber-inlet velocity was ocaloulated
from the wall static pressure at the cambustion-chamber inlet and
the mpagsured air flow. '

Date obtailned with the tail rake (figs. 1 and 2), which
retracted as the plug was extended, were used in obtaining the
total preseure at the englne outlet. Combustion effioiency and
gas total-temperature rise were computed by methois presented in
references 8 and 9 from the measured Jet thrust (with tunnel scales)
and the air and fuel flows. The rate of fuel flow was measured with
a rotameter calibrated for the fuel being used. The heat lost to
the combustion chember and the nozzle-plug cooling water as well as
the energy content of the pilot fuel were included in the evaluation
of combustion ‘efficiency. In the eveluation of the final gas tem-
perature and the ratio of ebsolute total temperature at nozzle out-
let to absolute total temperature at combustion-chamber inlet,
however, the heat lost to the cooling water was exoluded.

In order to start the engine, the tunnel was first evacuated
to the desired pressure altitude end the nozzle plug was positioned
for a small outlet area. With a slight amount of air flow through
the engine, the pllot was ignited. Burner ignition occurred when
the proper proportion of fuel was added. Obtaining the desired
operating conditlions, however, required simultaneous regulation of
fuel flow, air flow, and outlet area. The pilot was allowed to burn
continuously. Burner performance and fuel-air ratio range were

S
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determined at several engine-outlet areas, at pressure altitudes up
to 50,000 feet, and at combustion~chamber static pressures expected
in the free~Jjet investigation.

For each burner the optimm radial position for the fuel injec-
tor was determined in the following manner: Ab a fuel flow and
-nozzle-outlet area that gave typical engine operation, the radial
position of the fuel injector was slowly varied fram the retracted
to the extended position. The position that gave the minimum
combustion-chamber-inlet velooity (as determined with an airspeed .
indicator) was assumed to result in the marimm combustion sefflcilency
and the maximum exhaust-gas temperature. For a given burner and fuel,
the optimum fuel-injector position thus determined remalned essen-
tially consteant for most operating conditions.

SIMBOIS
The following symbole are used in this repart:

A oross-gsectlonal area, square feet

fuel-alr eguivalence ratio, ratio of aotual to stolchiometric
fuel-air ratio

f/a fuel-air ratio

Mach number

total pressure, pounds per square foot a.'bsolute-
static pressure, pounds per square foot absolute
dynamic pressure, pounds per sguare foot

total temperature, °R

veloolty, feet per second

GPdl-illﬂ'dFdz

combustion efficiency, percent (based on enthalpy changs of
gases and energy content of fuel injected)

Y

ratio of ebsolute total temperature at nozzle outlet to ebso-
lute total temperature abt cambustion-chamber inlet

oSN
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Subseripts (fig. 2):

1 supersonic-diffuser inlet

2 subsonic~diffuser inlet

3 diffuser outlet and cambustion-chamber inlet

4 combustlion chember

S cambustion-chamber outlet
6 nozzle outlet

£ fuel

x air-flow measuring station

¥y 4iffuser-inlet pressure-survey station

RESULTS AND DISCUSSION

The burnexr configurations investigated and the range of
combustion-chamber-inlet variables over which they would operate
are described in table II. The influence of the fuel-injection
raiius, the outlet-area ratio Ag/A;, and the type of fuel burned
on the operational performance of the three burners is also indi-
cated. In general, -only the configurations that resulted in rela-
tively good performance are reported herein,

The fuel-injection radius was found to be oritical to the per-
formance of all the bwrners investigated. A change of 1/4 inch in
iInjJection radius could cause a serious reduvotion in combustion effi-
clency, rough -and unstable burning, and in some instances flame
blow-out. Date were obtained in most cases only at the injection
radius for maximum performance.

The combustion-chamber-inlet velocities Vz indicated in
table II for which flame blow-out occurred were obtalned by extra-
polation from & plot of Vs as a funotion of f/a to an estimated
f/a et the blow-out point. '

All data, except for a combustion-chember-inlet static pres-
sure pz of approximately 800 pounds per square foot absolute,
were obtained with a choked outlet and therefore represent burner
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performance vhenever the existing combustion-chamber-inlet condi-
tions can be duplicated.

Burner Performsnce with Serrated

Anmmlar Baffle Flame Holder

Operational performance. - Table IY indicates that the best
rosul‘is wvere obfa% with the amnuler fleme holder when the ori-
fice Puel injector (fig. 7) was used.

A fuel-injection radius of 6.22 inches (run 1) gave the best
combustion performance and at an outlet-area ratio of 0.739
resulted in an operational f/a. range of 0.055 to 0.092 with lean
and rich blow-out veloolties of 195 and 194 feet per second, respec-
tively. When the outlet-area ratio was decreased to 0.676 and then
further decreased to 0.600 (runs 2 and 3), the opersble f£/a range
shifted toward the lean region, approximately 0.04 to 0.08. For all
three outlet-area ratics, lean blow-out ocourred at essentlally the
seme Vz (2005 £t /aec).

With all oconditions identical to those of run 3 but with p3
reduced to 1365 pounds per square foot sbsolute (rum 4), rough
burning or blow-out occurred at outlet-area yatios above 0.600.
At an outlet-area ratio of 0.600, the reduction in combustion-
chamher-inlet static pressure from 1750 to 1365 pounds per sgquare
foot absolute resulted in a decrease in the operasble f/a range.
In addition, this reduction in pz reduced Vz at lean blow-

out to 177 feet per second.

The annulear burner was run wlth an InjJectlon radlus of 5.38
instead of 6.22 Inches to determine the effect of injectlon radius
on burner performance (run 5, table II). With gasolins as fuel and
a Py of 1800 pounds per square foot absolute, rough and unstable

operation resulted at outlet-area ratios greater tham 0.676. At
this outlet-area ratio, the operable fuel-alr ratlo range wes very
narrow, 0.044 to 0.052.

With kerosene as fuel, best operational performance with the
annular flame holder was obtained at a fuel-injection radius of
5.94 inches (as compared to 6.22 in. with gesoline). Results for
an injeotlon radius of 5.94 inches ars shown only at a combustion-
chember-inlet pressure of 1790 pounds per square foot absolute
(runs 6 to 8). At outlet-area ratios of 0.739 and 0.676, the

SOTENNTRY .
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operable fuel-alr ratio range was extremely narrow and lean blow-
out ocourred at mixtures near or richer than the stoichlametric
velue (0.068). Reducing the outlet-area ratio to 0.600 (run 8)
approximately doubled the operable range and extended both rich
and lean blow-out limits,.

Although burning was attained with the fuel inJected through
cammercial spray nozzles within the flame holder, the results were
unsatisfactory and are not reported herein.

Effect of fuel-air ratio on burner performance. - The vari-
ation of combustion efficiency v, and total-temperature ratio

across the engine T with f/a is shown in figure 13. Deta wers
obtained with gasoline over a range of outlet-area ratios and at a
cambustion~-chamber-inlet static pressure of 1750 pounds per sguare
foot ebsolute. The meximm 7, of 82 percent was obtained at t/a

of 0.054 and outlet-area ratio of 0.876. The corresponding V; was

180 feet per mecond. Operation at the largest outlet-area ratio
(0.739) resnlted in combustion efficiencies approximately 4 percent
lower over the entire fuel-alr ratio range than those obtalned with
the two smaller outlet-area ratios. For all ontlet-area ratios, the
maximm 7; oocurred near an f/a of 0.054 and decreased at both

the leaner and richer values. Maximum values of T, however, were
at f/a ratios richer than those at which the peak n, was

observed. The maximm T of 6.0 was observed between f£/a of
0.065 and 0.072 for the two smaller outlet-area ratiocs. Further
inoresses in f/a caused a slight reduotion in T. At the larg-
est outlet-area ratio (0.739), the maximm value of T was 5.8
and occurred at f/a of 0.058 and Vz of 189 feet per second.

Also shown in figure 13 are three data points obtalned at &
Pz of 1365 pounds per sguare foot absolute and at an outlet-area
ratio of 0.600. This pressure level is near that at which blow-
out occurs for this burner. At outlet-area ratios greater than
0.800, burning was rough end unstable. A mgximum 1, of 70 per-
cent was obtained at a f/a of 0.051 and & V3 of 168 feet per

gsecond. A maxrimm T (5.8) resulted at a f/a of 0.066. The
concomltant T, Wwes 68 percent and Vz was 157 feet per second.

A comparison of the combustion performances obtained with
kerosene and gasoline is mede in figure 14. The curves for ges-
oline were taken from figure 13. The date obtained with kerosene
at all three ocutlet-area ratiocs appear to fall on a single curve.
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Although the maximm combustion efficiency of 66 percent occurred
closer to the stolchicmetric mixture (fuel-alr equivalence ratio
of 1) with kerosene than with gasoline, the combustlon efficiencies
and the resulting values of T were consistently lower for kero-
sene. The maximum combustion-chamber-inlet velocity at which date
were obtalned with kerosene was 189 feet per second and the cor-

responding T was 5.6.

Burner Performance with Rake Flame Holder

Operational performence. - With the rake flame holder (fig. 9)
as with the annular flems holder, optimm performance (see table IT)
was obtalned with the orifice fuel inJjector (fig. 7). With gas-
oline as fuel, a fuel-injection radius of 5.94 inches was reguired
for optimm combustion-chember performance. At a combustion-ochamber-
inlet static pressure of 1800 pounds per sgquare foot absolute,
decreases 1n the outlet-area ratio slightly extended the rioh end
lean operating limits (runs 9 to 11, table II). At the smallest
outlet-ares ratio (0.600), the operable f£/a renge was from 0.047
to 0.074.

With kercsene as fuel, the optimm mean fuel radius was found
to be 5.74 inches (runs 12 and 13). The rich blow-out limit could
not be determined because it was beyond the pumping ocapacity of the
fuel system. At comparable outlet-area ratios, a greater operable
range was obtained with kerosene than with gasoline. Satisfactory
operation was obtained at combustion-chamber-inlet velocltles in
oexceas of 200 feet per second with both fuels. For an outlet-area
ratio of 0.676 (run 12), lean blow-out ccourred at approximetely
the same V; and f/a at 1850 pounds per square foot abgolute as

at 1470 pounds per square foot absolute.

In order to extend the operable f£/a range in the lean regicnm,
the principle of eplit fuel inJjection was employed. The best per-
formance obtainable with each of two different auxilliary inJection
systems 1s summarized Iin table IT, runs 14 to 17. Spraying eddl-
tionel fuel downstream through six nozzles, located within the
fleme holder end rated at 21 gallons per hour at a differential
pressure of 100 pounds per .square inch, produced rough burning and no
noticeeble extension of the operating limits, The lean f/a limit
was extended from 0.050 (run 9) to 0,032 (run 14) but the upper f£/a
limit was appreclably decreased when 850 pounds of fuel per hour
(39 to 45 percent of total fuel flow) was sprayed 2 inohes upstream
of each flame-holder cluster. The additional fuel was injeoted

SONTIIENTTE
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through six redial spokes manifolded outside the engine, Attached
to each spoke was a modified ocmmercial spray nozzle reted at 21 gal-
lons per howr at 100 pounds per square inch (fig. 15). The balance
of the fuel was Introduced through the orifice injector. Little
ohange in renge of operation was noted when all the fuel was intro-
duced with the auxiliary injJeotor through nozzles rated at 55 gallons
yper howr (run 15),

Although use of an auxiliary spray-nozzle injector lowered
the lean blow-out limit, the operable f/a range was narrower
than without this secondary injector. In order to extend the
operable r/a. range into the rich region, another auxiliary
fuel iInjector of the arifice type, designated radial spray bars
(fig. 16), was employed. Six radial l/4-1nch tubes flattened to
a streamlined shape were installed 2 inches upstream of each
flame-holder cluster. Rach radial spray bar had a total of twelve
0.028-inch-diameter orifices, six on each side, spraying fuel in
a direction normal to the air streem.

Optimum performance was obtained with an approximstely con-
stant fuel flow of SO0 pounds per hour (12 to 29 percent of total
fuel flow) injected at a radiue of 5.38 inches through the primary
orifice fuel injector end the remaining fuel injeoted through the
auxiliary radial spray bars (runs 16 and 17). At outlet-area
ratios of 0.739 and 0.876 and a 23: of 1750 pounds per sguare
foot absolute, the operable fuel- ratio range was the largest
of any configuration investigated. The lean limit was spproxi-
mately the same as that obtained with the previously desoribed
split fuel-injection systems (about 0.030), but rich dlow-out was
not obtained up to the point at which the pumping capacity of the
fuel system was reached (f/a = 0.098). The mwaximmm combustion-
chamber-inlet velooity attained prior to the rich pumping limlt was
190 feet per second and prior to lean blow-out, 246 feet per second.

Effeot of fuel-air ratio on burner performance. - The vari-
atimmm ratio with
f/a for runs 9 to 11 (teble II) is shown in figure 17. All date
were obtalned with gasoline at a combustion-chamber-inlet total
temperature of 570° R and a static pressure of 1800 pounds per
square foot absolute. The maximum combustion efficiencles as well
a3 the maximum values of T were obtained at an oubtlet-area ratio
of 0.876 over the entire range of operation. The peak combustion
efficiency of 84 percent occurred near leen blow-out, f/a of 0.05,
and at a Vz of 189 feet per second; the maximum T of 5.8 was

CONDIDENIELT.
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reached at & f/a of 0.058 and remained oomstant until rich blow-
out. Progressively lower values of 1;, and T were observed for
outlet-area ratios of 0.739 and 0.600. At these outlet-area ratlos,
the chenge in T between f/a of 0.059 and rich blow-out (f/a of
approximately 0.070) was slight.

A comperison in terms of the fuel-alr equivalence ratio E
between the values of L1% and T obtained with gasoline and ker-

osens at an outlet-area ratlo of 0.676 1s given 1in figure 18. Data
were obtained at a cambustion-chamber-inlet total temperature of
570° R for gasoline and 605° R for kerosene. The curve for gaso-~
line was teken from figure 17 (p; = 1800 1b/eq £t). The kerosene

data were obtained at pz of 1850 and 1470 pounds per square foot

absolute. No aignificant effeot of combustlon-chamber pressure
level on burner performance with kerosene as fuel can be observed
wilthin this pressure range.

Although the operable range of the rake burner ls greater with
kercsene than with gasoline, the extension is essentlslily in the
rich region and 1s accompanied by & low combustlon efficlency. At
the same values of E, the values of 17, and T obtained with
gasoline were consistently greater than with kerosene. The
combustlion~-chember-inlet velocities were of the sames order of mag-
nitude for both fuels (180 to 200 £t/sec). At stoichicmstric con-
ditions, =n;, wes 74 percent and T was 5.7 with gasoline and

71 percent end 5.2, respectively, with kerosene. The maximum
recorded 173 with the kerosene was 78 percent and oocurred at

an equivalenoce ratio of 0.89.

The burner performance with gasoline for the split-fuel-
injeotion configuration that resulted in the greateat extension
of operating limits (runs 16 and 17, table II) is gresented. in
flgure 19. These data were taken at & Tz of 550° R and & D3

of 1750 pounds per square foot absolute for outlet-area ratios of
0.739 end 0.676. Approximately the seme f/a operating range,

My and T resulted at both outlet-area ratios. The combustion

efficiency peaked with a value of 85 percent at a f£/a of 0.055
and Vz of 177 feet per second. The corresponding T was 5.8.

- The value of T inoreased gradually with f/a to a maximum value

of 5.9 near f/a of 0.065. Further increases in f/a resulted in
a slight drop in the value of T. At an outlet-area ratio of 0.676,
approximately the same combustion efficiency values were attained
with or without split fuel inJjeotion (figs. 19 and 17, respectively).

W N i ol
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At an outlet-area ratlc of 0.739, however, the use of the split-
fuel-injection system not only extended the operating renge in
both the lean and rich directions but elso raismed the combustion
efficiency and the resulting Tt several perocent.

The lean blow-out occurred near & Vz of 240 feet per second
for both outlet-area ratios (table II). As previously indicated,
rich blow=ocut ocould not be reached due to & limlitation In the fuel-
bandling cepecity. At the maximmm f£/a for which data could be
taken (0.098), burning wes still satisfactory. All date for the
split-fuel-injection configurations were obtalned at combustlon-
chamber-inlet velooitles between 173 and 239 feet per second.

Burner Performance with Corrugated
Gutter Flame Holder

Operational M(romanoe. -~ Best operation with the corrugated
gutter flame holder (fig. 10) was obtained with the spray-nozzle
injector (fig. 5) set at a radius of 5.22 inches (runs 18 to 22,
teble II). At an outlet-area ratio of 0.739, Ty of 575° R, and

Px of 1650 pounds per square foot absolute, satisfactory operation

with gasoline was obtalned between f/a. of 0,029 apd 0.059 (run 18).
The V3 varied between 206 and 279 feet per second. Reduction In

outlet-area ratio to 0.676 (run 19) merely reduced the velocities to
a range of 187 to 247 feet per second and caused little change in

the operable f/a range.

At the larger outlet-area ratio (0.739), a reduction in the
combustion-ochamber-inlet static pressure from 1650 to 790 pounds
per squere foot absolute (rum 20) shifted the operable f/ﬁ range
toward slightly leamer mixtures. The correspording cambustion-
chamber-inlet velocity range was 211 to 311 feet per second.

The operation of this burner was also investigated using ag
fuel a blend by volume of approximetely 50-percent gasoline and
50-percent propylene oxide. The optimum radial fusl-injection
position was identical to that for pure gasoline.. At a pressure
level of 16855 pounds per aguare foot absolute at the combustion-
chamber inlet, little variation in the operable f/a. range or
inlet veloocities from those existing with gasoline were noted
(run 21)., Contrary to the results obtained with pure gasoline, a
reduction in Pg from 1655 to 800 pounds per square foot absolute

(run 22, table II) resulted in a slight extension of the operable
£/a renge.

e aani L
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Effect of fuel-air ratio on burmer %roma.noe. -~ Curves of 'bhe‘
varlation in N, and T th fuel-air ratioc for gasoline as fuel
are glven in figure 20. At an outlet-area ratio of 0.739, Pz of
1650 pounds per squere foot ebsolute, end Ty of 575° R, date

were cbtained with alr having a dew point of 30° F and then the same
data points were repeated as clomely as possible with dried air
having e dew point of 2° F. For the range of dew points investigated
and within the accuracy of the data, no appreciable effeot of mois-
ture content of the air on combustion efficiency wes observed. It

is interesting to note the accuracy with which the data points oould
be reproduced.

Also Inoluded in figure 20 are data for an outlet-area ratio of
. 0.676., As with the other two burners investigated, an outlet-area
ratio of 0.739 resulted in lower cambustion efficlencles and con-
sequently lower values of T ‘than an oublet-area ratio of 0.876.
This result is probably due to the greater combustion-chamber-inlet
veloolties involved at the larger nozzle-outlet areas, With the
smaller outlet-ares ratio, the maximum 4, of 68 percent oocurred

at a f/a of 0.05 and Vxz of 196 feet per second; the corresponding
T was 4.5. Although the value of 17; was slightly lowered, an

increase in T +to 4.8 was achieved by increassing the f£/a +to
0.057. -

The maximum My, with the larger outlet-area ratio was 64 per-
cent and oocurred neer rich blow-out at an f/a of 0.057 and & Vg

of 208 feet per second; the resulting T was 4.8. At both cutlet-
area ratios, the general trend was for T %o lnorease with an
increase in f/a, reaching a maximum at rich blow-out.

The- ef'fect of corbustion-chambexr pressure level on burner per-
formance For the blend of S50-percent gasoline and 50-percent pro=-
pylenes oxide 1s shown in figwre 21 for an outlet-area ratio of 0,739
and & total temperature of 565° R. The date were cbtained at pz
values of 1820, 1655, and 1300 pounds per squere foot absolute and
are plotted as a functicn of equivalence ratioc. Only a slight vari-
ation in the operable fuel-alr ratlo renge was observed over the
range of pz Iinvestigated. A slight effect of pressure on the

combustion effliciencies, however, was obtalned. The peak combustlion
efficiency of 71 percent and T of 4.8 resulted at a pz of

1920 pounde per square foot absolute near the rich blow-out con-
dition (E = 0.8). Below rich blow-out, greater 1, resulted at

a pressure level of 1300 than at elither 1655 or 1820 pounds per
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square foot absolute. This unexpected reverse effect of Pz on 1Ny

mey be partly due to changes in fuel pressure and the resulting fuel
distribution. The fuel-pressure range for each value of Pz level

is therefore glven on the figure. Imasmuch as the maximum spreed in
N Zfor the three pressure levels was small, a single curve for T

was drawn through all the data. The value of T 1Increased almost
linearly with equivalence ratio and the combustion-chember-inlet
velooclties ranged from 200 to 270 feet per seoond.

A direct comparison can be made at a Py of approximately

1650 pounds per square foot absolute of the burner pexformance
with gasoline (fig. 20) and with blended fuel (fig. 21). At the
same fuel-alr equivalence ratio, the combustion efficiencies and
total~temperature ratios obtalned with the blend were a few per-
cent above those cbtained with the gasoline. Because the operable
range with pure gasoline was greater than with the blemd, the max-
4mum T obtained with the gasoline (4.7 at E = 0.85) was greater
than that obtained with the blend (4.2 at E = 0.70).

A comparison of the performance obtalned with the two fuels
at Pg of 800 pounds per square foot absolute is made in figure 22.

Burner performance is agaln presented as a funotion of fuel-alr
equivalence ratio at an outlet-area ratio of 0.739 and Ty of
565° and 580° R. At this low combustion-chamber pressure level,

& prespure ratio at ‘the nozrle outlet suffioclent for choking could
not be cbtained; however, an approximately ocnstent preasure ratio
was maintained across the engine. The rich and lean limits occurred
at about a fuel-alr equivalence ratio of 0.35 and of 0.75, respec~
tively, for both fusls. At this combustlon-chember pressure level,
the blend was superior to the gasoline only at the leaner condli-
tions; essentially the same 17; and T values conld be cbtalned
at a given E in the richer regions with either fuel. For both
fuels, 17; and consequently T increased gharply with fuel-ailr

equivalence ratio and reached & maximum of 79 percent and 5.0,
respectively, at an E of 0.76 for gasoline and 75 percent and
4.8at E of 0.73 for the blended fuel. The range of v5 ab

this low Py Was from 196 to 311 fest per second and corresponded

to combustion-chember-inlet Mach number M5 values between 0.168
and 0.262.

The trend established in figure 21 of the combustion effil-
olencies with the blend being greater at a reduced combustion-
chamber pressure level (1300 1b/sq £t absolute) than at the higher

="
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pressures is further lllustrated et 800 pounds per square foot
ebsolute in figure 22. A similar trend of the combustion effi-
olency rising with a decrease in the coambustion-ohamber pressure
level from 1650 to 800 pounds per square foot absolute was
exhibited with pure gasoline (figa. 20 and 22). The reduction
in pressure level was also accompanied by a slight shift in the
operable fuel-air equivalence-ratio range toward the lean region.
The peak Ny vas only 64 percent and the peak T wes 4.6 at D3

of 1650 pounds per square foot absolute and oocurred at E of
0.88 (fig. 20); whereas at Pz of 800 pounds per square foot &bso-~

lute, the peak T, Was 79 percent and the peak T was 5.0 and

ocourred at a leaner mixture E of 0.76 (fig. 22). The inlet
temperatures and velocitlea at both pressure levels were similar,
The reasons for these unexpected varlatioms in burner performance
with pressure level are not fully understood. Other variables

in addition to combustion-chamber-inlet pressure were probably
involved ani these unimown variebles have not been ilncluded in the
date evaluation.

Canbustion-_o.'namber Pressure Reocovery

Representative total-pressure ratios PB/I’3 across the com-

bustion chamber for the rake and corrugated gutter burners are pre-
gented as & functlon of T 1in figure 23 for outlet-area ratios

of 0,739 and 0.676. The pressure ratios for the serrated annular
baffle burner are similar to those obtained with the rake burner
and are therefore not shown.

The pressure losses across the canmbustion chamber arise from
the addition of heat to a flowing gas and from the frictlomal
losses of the flame holder and the cambustlion chamber. The pressure
loss due to the addition of heat 1s primarily a function of Mz and

T, whereas the friotional losses depend primarily om Mg (ref-

erence 7). For a given burner and at a fixed outlet-area ratio,
the two losses combine to glve a relatively amall change in pressure
ratio over the entire range of T. For example, between T values
of 4 and 6 and at Mz values ranging from 0.18 to 0.21, the pres-

sure ratlo across the oambustion chamber at a given ontlet-area
ratio (0.739) veried only 0.015 with the reke burner. At a lower
range of T, values obtained with the corrugated gutter burner at
the seme outlet-area ratio and for Mz values between 0.18 and

0.23, the total change in the pressure ratio was only 0.05,

ANk
AW L,
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This slight change in the pressure ratio across the combustion
chamber over the entire operating range of a given configuration
faollitates the analytical treatmsnt of over-all ram-jet perform-
ance by permitting the use of an sasumed constant combustion-
chamber pressure losa. )

The variation in total-pressure ratio across the cambustion
chamber over the entlre operating range of all conflgurations
presented In figure 23 1s only 0.76 to 0.88. The larger losses
oocur &t the low values of T, because under such a comdition
the high values of My are encountered.

SMARY OF RESULTS

The combustlon performance of a 18~Inoh ram Jet with each of
three burner configurations (rake, serrated amnmular baffle, and
corrugated gutter burmers) was determined in the Lewis altitude
wind tunnel under controlled comditions of combustion-chamber-
inlet pressure and temperature, fuel flow, and nozzle-outlet area.
The results obtained are summarized as follows:

1. A different optimum fuel-injection radius ueunally exipted
Por each combination of burner and fuel. A change of as little
as 1/4-inch from the optimum position could cause a serious reduc-
tion in combustion efficiency, rough ani unsteady burning, and in
same instances blow-out. '

2. Based on the values of combustion efficienoy and total-
temperature ratio obtained, gasoline proved a superior fuel to
kerosens for both the rake and the annular baffle burner con-
figurations., Data obtained with the corrugated gutter bDurner
indicated that a blend of 50-percent gasoline and S5O0-percent pro-
pylene oxide might have characteristics slightly superior to pure
gasoline,

3. Because of the magnitude of the combustion-chamber-inlet
Mach numbers, an egual and sametimes slightly greater combustion-
chamber pressure drop was experienced at the leamn fuel-alr ratlos
and the low total-temperature ratios than at the richer mixtures
and high total-temperature ratios with all burner oconflgurations
investigated.

4. For all burners, greater cambustion effioclency and total-
temperature ratio were cbtalned at an outlet-area ratio of 0.676
than at 0.739, the maximum value investigated.
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S. No effeog on 'bugner performance over a combustion-air dew
point range of 2° to 30~ F was apparent.

6. The maximm combustion efficiency obtalned with the ser-
rated ammular baffle burner was 82 percent at a fuel-alr raticv of
0.054 and a combustion-chamber-inlet veloocity of 180 feet per seo-
ond. The corresponding total-temperature ratlio was 5.7. The maxi-
mum total-tempereture ratio attained was 6.0. Iean blow-out was
estimated to osccur for each of the three outlet-area ratios inves-
tigated at a combustlon-ohamber-inlet veloclty of approximately
200 feet per second. The operational performance of the burner was
gensitive to a reduction in the combustlon-chamber pressure level
from 1750 to 1365 pounds per square foot abasclute.

7. The maximmm fuel-air ratio operating range of 0.0350 to
0.098 (upper 1limit imposed by fuel-pumping capaciiy) resulted when
& split-injection-fuel system was employed with the rake burmer.

A meximum combustion efficlency of 85 percent was also obtained
with this configuration at a fuel-alir ratio of 0.055 and & total-
temperature ratio of 5.8. All data cbtained were for combustion-
chember~inlet velocitles between 173 and 239 feet per second.

8. The best performance at low combustion-chamber pressure
level was obtained with the corrugated gutter burmer. Noticeably
higher combustion efficlencies and total-temperature ratlos were
observed at 800 than at 1920 pounds per square foot absolute at
the cambustion-chamber inlet. The maximum combustion efficiency
of 79 percent occurred at a cambustion-chamber-inlet pressure of
800 pounds per square foot absolute. Other variables in addition
to combustion~chamber=inlet pressure were probably involved and these
unknown variables have not been included Iin the data evaluation. '
The renge of combustion-chember-inlet veloclitles over which this
burner was investigated was 188 to 311 feet per second.

Lewls Flight Propulsion Iaboratory,
National Advisory Committee for Aercnautios,

Cleveland, Ohlo.
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TABLE I - TABLE OF COORDINATES FOR 16-INCH RAM JET

Distance | Diameter | Diameter Remarks
from of inner | of outex
supersonic=- body body
diffuser (in.) (in.)
inlet
(in.)
0 ——— | me—- Inlet to supersonic diffuser
(free-jet investigation only)
6 4.2 9.92 Subsonic-diffuser inlet (cor-
responds to station 2, fig. 2)
12 4.74 10.56 Front center-body support
(station y, fig. 2)
24 5.56 11.80
36 6.28 13.04
48 6.986 14,30
82 7.88 15.80 Alr-flow measuring station
(station x, fig. 2)
65 8.00 16.00 _
74 8.00 16.00 Fuel-injector location
80.7 7.25 16.00 Pllot burner
91 8.00 16.00 Combustion-chamber inlet
(station 3, fig. 2)
g2 0 16.00 .
172 Variable | 16.00 FNozzle inlet (station 5, fig. 2)
181 Verieble | 13.75 |ZEngine outlet (station 6, fig. 2)
! NNAA
SSNBE—"
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TARLE IT - STIMARY OF OONPIGURAYIONS INVESTIGAYTED AND RESULES ORPATNED

Hon | Flame |Fosl injeator| Fael- |Outlete| Conbustlon- Fosl-air retio, £fa Foel g
holdep injestion! area - cbmsber inles {n) ure
Tedius | reblo EEREIG T Yotal |
(In.) | Ae/Ms |preasure |tempere
P  ature
2l | 32
+)| {°R) 203 04 06 .08 .07 .08 .09 .10
L 1 ] 1 L I
1| Azowilar|oritice 6.98 0.739 |1780 120|540 420 ¥s = 198 O————————0 194 Gapoline 13
2 8.28 578 |1750 120|040 20 4 o~ ~01Th Gasoline 13
3 8,29 .800 |1750 120|640 80 198 O~ ~0158 @asolins i3
4 8,22 - 1365 13 |540 190 17 o—f———0 157 dasoline 13
5 5,38 -478 |1800 540 180 163 —i 181 Gamolins -
[} B.4 758 |1790 115|686 110 191, 0——80 Esrosans 14
7 B 878 | 1790 115|668 110 1786 O——10 178 Earosehn 14
(] B.fH .800 [1790 118|666 ¥10 174 1 Eerosens 14
9| Bake Orifios B.94 0.729 |1800 17 |570 110 g08 O-+——————K 198 Gusoline 17
19 Orifice B.54 .676 [1800 17 |570 110 ————j0 179 Gupoline 17
3 Grifiecs S.54 «800 11800 47 (870 1D s ¢ —i-o 188 famoline iy
Orifioe B.74 <576 |1470 £10|005 10 204 0+ £ 190 Earosens 18
ariries B.74 .876 |1880 10|08 110 Kerosens 1}
o 8. 74 +800 |1850 t10}e06 110 188 0— — 150 |Esrcsens -
5& Oorifice snd 8,94 720 1710 100|660 %5 848 O+——+0 208 fagoline -
spoke with .
spray nossled
Spoks with «730 |1790 1B |BBS 1B a4d O—+—10 203 Gasoline -
spray nosaled L -}
'y arifice and B30 +¥58 (1750 110|580 110 #46 OF i 1 Gesolics s
::1;1 spray '
17 orifice and 8.38 .676 |1780 ito0|ss0 #10| ajs o~ ~® 173 |Gasoline 19
adisl sprwy .
[bar
18 Gor.:u—d any noszle | 8.89 0.733 [1880 115|875 #10| B9 Ob——————10 008 Gasoline 20
9 5.82 .&78 [1680 185756 10| WMT O————10 187 Gasoline 20
20 5.88 7% | 790 t80|8aq 5 ;1 ————d 21 oline 28
21 8,29 T3 |1656 ¥10|585 15 883 Op——0 Propylens oxide) 31
: B0 pt.rnlntb
. gsoline,
peroent
29 528 <730 | 200 110|588 t5 | Q98 O—-————% 106 Propylens oxide) 22
' B0 parosnt
. gmsslina,
-tlla llD‘ .“i .°l° .0'|1 .Ni -'u; .}0 rm

-*Data point bafore blow-oub, 1j hloweomnt point, O estimated oomlmstion-chamber-inles velooity, ¥y, ft/zec.

PrLimipations of equipment prahibited higher fueleair rwbic.
ORated a$ 21 gal/be at 100 1b/ag in.
SRated at 55 gal/pe at 100 1b/sq in.
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Figure 4. - Yortex pilot and fuel-injector details,
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Figure 5. - Spray-nozzle fuel injector.
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Pigure 6, - Extermally modified and original fusl-injectlon norzles,
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Figure 7. - Orifice fuel injector.
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C. 22533
11-16.48

C.23828
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(b) Sids view.
Figure 8, - Serreted ammiler baffle flame holdex.
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C-23211
3.298-489

Figure 10, - Upstream view of corrugated gubber flame holder.
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Figure 11, - Comparison of pressure-loss characteristics of
holders investigated.
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Fuel-gir ratio, f/a

Flguwre 13, = Effect of fuel-air ratio on combustlon efficiency and total-temperature ratio

across combustion chamber with serrated ammular baffle burner. Fuel, gasolinej combustion-

ohamber-inlet total temperature, 540° 120° R.
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Figure l14. - Comparison of combustion performance of serrated

annular baffle burner with gasoline or kerosene as fuel.
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C-24143
9-20-49

Figure 15. - Auxiliary fuel injector oomsisting of epoke and modified occmmeroial sprey noszzle,

C. 23777
7-12-49

Figure 16, = Amxiliary fuel injector comsisting of spoke ani orifice-type redial sprey bar,
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Flgure 17, - Effect of fuel-alr ratio on combustion effieciency
and totdl-temperature ratio aoross combustion chamber. Rake
burnerj fuel, gasolinej combustion-chamber-inlet static pres=-
sure {800 x4 gounds per aquare foot absolutej combustion-
chamber-inlet total temperature, 570° $10° R.
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Figure 18, - Comparison of combustion performance of rake burner
with gmsoline or kerosene as fuel., Outlet-area ratio, 0,676,
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Flgure 19, = Effect of fuel-alr ratlc on combustion efficiency and total~temperature ratio
noross combustlon chamber with rake burner and radial-spray=bar auxiliary fuel injector.
Fuel, gasoline; combustlon-chamber-inlet statlie pressure, 1750 110 p B per square
foot absoclutej combustion-chamber-inlet total temperaturs, 550° #10° R,
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Plgure 20, = Effect of fuel-air ratio on combustion efficlency
and total-temperature ratio across combustion ochamber with
corrugated gutter burner. Fuel, gasoline; combustion=-
chamber-Inlet statlc pressure, 2[650 $15 pounds per square
r?’gg ;gaglgte; combustionechamber~inlet total temperature,
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Figure bl. « Variation of combustio
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ratio across combustion chamber with fuel-air equivalence ratio for
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Figurz 22, - Varliation of combustion efficiency and total-temperature
o

rat across combustion chamber with fuel-air equivalence ratio for
two fuels. Corrugated gutter burnerj combustlion~-chamber-inlet
P

static zressure 90 %2 ounds per square foot absolutej outlet-
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Figure 23. -~ Varliation of pressure recovery across
combustion chamber with total-temperature ratlo.
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